Initiation of DNA synthesis in genomic duplication depends on primase, the DNA-dependent RNA polymerase that synthesizes de novo the oligonucleotides that prime DNA replication. Due to the discontinuous nature of DNA replication, primase activity on the lagging strand is required throughout the replication process. In eukaryotic cells, the presence of primase at the replication fork is secured by its physical association with DNA polymerase α (Pol α), which extends the RNA primer with deoxynucleotides. Our knowledge of the mechanism that primes DNA synthesis is very limited, as structural information for the eukaryotic enzyme has proved difficult to obtain. Here, we describe the crystal structure of human primase in heterodimeric form consisting of full-length catalytic subunit and a C-terminally truncated large subunit. We exploit the crystallographic model to define the architecture of its nucleotide elongation site and to show that the small subunit integrates primer initiation and elongation within the same set of functional residues. Furthermore, we define in atomic detail the mode of association of primase to Pol α, the critical interaction that keeps primase tethered to the eukaryotic replisome.
Initiation of DNA synthesis in genomic duplication depends on primase, the DNA-dependent RNA polymerase that synthesizes de novo the oligonucleotides that prime DNA replication. Due to the discontinuous nature of DNA replication, primase activity on the lagging strand is required throughout the replication process. In eukaryotic cells, the presence of primase at the replication fork is secured by its physical association with DNA polymerase α (Pol α), which extends the RNA primer with deoxynucleotides. Our knowledge of the mechanism that primes DNA synthesis is very limited, as structural information for the eukaryotic enzyme has proved difficult to obtain. Here, we describe the crystal structure of human primase in heterodimeric form consisting of full-length catalytic subunit and a C-terminally truncated large subunit. We exploit the crystallographic model to define the architecture of its nucleotide elongation site and to show that the small subunit integrates primer initiation and elongation within the same set of functional residues. Furthermore, we define in atomic detail the mode of association of primase to Pol α, the critical interaction that keeps primase tethered to the eukaryotic replisome. I t is of paramount importance to cellular life that the genetic blueprint encoded in its DNA is duplicated once, entirely and with utmost accuracy before each round of cell division. DNA duplication is performed by the replisome, a large and dynamic protein assembly that integrates and coordinates the enzymatic activities that are necessary to the task (1) . Primase is a DNAdependent RNA polymerase with an essential role in DNA replication (2, 3) : after unwinding of the parental DNA at an origin site, primase assembles on each template strand a short RNA primer that is extended with deoxynucleotides by the replicative DNA polymerase. Given the discontinuous nature of DNA synthesis on the lagging strand, primase is required throughout replication to prime the synthesis of each Okazaki fragment. Despite the critical role of primase in DNA replication, the structural basis for its function is still poorly understood.
The requirement for a specialized polymerase that is able to prime DNA synthesis during genomic duplication is universal in all kingdoms of life. The evolutionarily related eukaryotic and archaeal primases are heterodimeric enzymes comprising a small, catalytic subunit (PriS) and a large, regulatory subunit (PriL) (4) . Although the primary active site for RNA primer synthesis resides in the PriS subunit, PriL is important for regulation of primase activity and primer transfer to Pol α (5-8). Further insight into PriL function was provided by the observation that a conserved C-terminal Fe-S domain of PriL, PriL-CTD, is essential for initiation of primer synthesis, but dispensable for its subsequent elongation (9) (10) (11) (12) (13) .
Available structural evidence for the catalytic subunit of the eukaryotic primase is limited to eukaryotic-type archaeal PriS, in isolation and bound to PriL (14) (15) (16) . The structural data demonstrate that the RNA priming activity of primase is encoded within a unique protein fold that is unrelated to that of other DNA or RNA polymerases. The polymerase fold of archaeal/ eukaryotic PriS has also been identified in an archaeal replicase with combined primase and polymerase activity (17) , a bacterial plasmid primase (18) , and the polymerase component of bacterial DNA repair ligase D (19) . Conservation of aspartic residues in the PriS sequence and site-directed mutagenesis studies indicate that primase uses metal ion-dependent catalysis for nucleotide polymerization (20) . However, the enzymatic requirements of the initiation step, when primase synthesizes the first dinucleotide of the RNA primer, likely require a larger set of residues, whose identity and role in catalysis remain incompletely understood.
At the replication fork, primase is present in a constitutive complex with DNA polymerase α (Pol α), which extends the RNA primer with deoxynucleotides and makes the resulting RNA-DNA primer available to the leading-and lagging-strand polymerases, Pols e and δ, for processive elongation (21) . On its turn, the Pol α/primase complex is anchored to the CMG helicase by the conserved Ctf4 replication factor, which acts as a bridge between the GINS component of the helicase and the catalytic subunit of Pol α (22, 23) . Thus, a chain of specific protein-protein interfaces links unwinding of the parental strands to priming of nucleic acid synthesis on template DNA.
Our knowledge of the structure of the Pol α/primase complex and of the mechanism of RNA-DNA primer synthesis remains largely incomplete. Electron microscopy studies of a recombinant, unliganded version of the yeast Pol α/primase complex have shown that polymerase and primase reside in separate lobes of a flexible dumbbell-shaped particle (24) . In agreement with the EM analysis, biochemical evidence shows that the interaction between primase and Pol α is mediated by the conserved C-terminal region of the catalytic subunit of Pol α (23, 24) . Furthermore, a conserved motif at the C terminus of the catalytic subunit of Pol α is necessary and sufficient for association with Significance DNA synthesis during duplication of the genome depends on primase, the DNA-dependent RNA polymerase that initiates nucleotide polymerization by assembling short RNA primers on the unwound template DNA. The mechanism of DNA priming remains poorly understood, principally because of lack of highresolution structural information. Our study begins to fill the gap in our knowledge by reporting crystal structures of human primase in unliganded form and bound to UTP. We exploit the atomic model of primase to map amino acids that are important for the catalytic function of the enzyme. In addition, we describe crystallographically the interaction between primase and DNA polymerase α, which keeps primase tethered to the replication fork. primase in vitro and for tethering primase to the replisome in yeast cells (25) .
A thorough understanding of the mechanism of DNA priming in eukaryotic replication relies critically on high-resolution structural information about primase and its interaction with Pol α. Such information is currently lacking due to a scarcity of crystallographic data. Here, we report the crystal structure of human primase in heterodimeric form, consisting of PriS and a truncated version of PriL lacking the C-terminal Fe-S domain. We take advantage of the crystallographic model of primase to define the architecture of its nucleotide elongation site, identifying residues that are important for primer initiation and extension. In addition, we describe the cocrystal structure of human primase in complex with the primase-binding motif of Pol α and determine critical primase residues at the Pol α/primase interface that are responsible for tethering the enzyme to the replication fork.
Results
Three-Dimensional Architecture of Human Primase. To induce crystallization of human primase, we engineered a recombinant version of the enzyme that contained full-length PriS and a shorter version of PriL (amino acids 1-253), lacking the C-terminal Fe-S domain. This recombinant enzyme, henceforth referred to simply as primase, retains the ability to bind Pol α (25). The primase crystallized in monoclinic space group P2 1 , with two copies of primase in the asymmetric unit; the structure was solved by multiple isomorphous replacement and refined to a resolution of 2.7 Å (Table S1 and Fig. S1 ).
The overall architecture of human primase, illustrating the fold of the PriS and PriL subunits and their mode of interaction, is shown in Fig. 1 . PriS adopts the expected "prim" fold characteristic of the prim-pol superfamily (26) , fused to a smaller allhelical domain, which confers to PriS a rather flat, slab-like appearance. The truncated PriL polypeptide partitions in a larger, globular, α-helical domain and a smaller, mixed α/β domain that mediates the interaction with PriS. PriL docks on one side of PriS, leading to a rather open and extended protein architecture, as already observed in the heterodimeric structure of the archaeal primase (16) .
PriS Fold and Active Site. The shape of the mixed α/β prim fold of PriS is reminiscent of a Pac-Man character, where two threestrand β-sheets line the inside of the lower (strand β1 to β3) and upper (strands β4 to β6) jaws, each surrounded by α-helices on the outside (Fig. 2) . Human PriS can be superimposed on archaeal PriS structures [Protein Data Bank (PDB) ID codes 1G71 and 1ZT2], with overall rmsd of 2.5 Å for ∼180 aa ( Fig. S2) (27) .
The presence of an invariant cluster of three aspartic acid residues: D109, D111 on strand β4 and D306 immediately before helix α7, confirms that human primase relies on the two-metal ions mode of nucleotide polymerization, as previously observed by site-directed mutagenesis of the mouse primase (20) (Fig.  S3A ). Equivalent sets of catalytic acidic residues have been identified in the PriS of archaeal primases (14) (15) (16) , in the primase-polymerase domain of an archaeal plasmid replicase (17) and in the polymerase domain of bacterial LigD (19) . In addition to the catalytic triad of acidic amino acids, a conserved histidine residue, corresponding to H166 in human primase, was highlighted as essential for catalysis in all studies cited above.
Beyond the adoption of the two-metal ions mode of nucleotide polymerization, little is known about the mechanism of dinucleotide formation and primer synthesis by primase. We exploited our crystallographic model of human primase to identify residues with specific functional roles in RNA priming. We performed extensive alanine scanning of highly conserved solvent-exposed residues on both upper and lower β-sheets on the concave groove of PriS. The targeted amino acids included the catalytic triad of acidic residues D109, D111, D306, and invariant amino acids in their immediate surroundings, D114, D116, H166, H315, K318, and H324. We also included in the analysis the more distantly located residues E44, Y54, R56, and K77 in strands β1 to β3 (lower jaw) of PriS, due to their strong evolutionary conservation (Fig. S3A) .
Each single-point mutant was assayed for its ability to either initiate synthesis or to extend a templated primer (see Methods for details of the assay). Reaction products were analyzed by denaturing acrylamide gel electrophoresis (Fig. 3) . As expected, alanine mutants of the acidic residues in the catalytic triad D109, D111, and D306, lost all ability to synthesize RNA primers. In contrast, the alanine mutants of conserved D114 and D116 showed only a moderate reduction in primer synthesis, which could be remedied by increasing primase concentration in the assay. In the structure, D114 and D116 are located in the short helix α4 overlooking the active site and play structural roles in maintaining the local conformation of the polypeptide chain.
In addition to the catalytic triad of aspartic acid residues, a unique feature of eukaryotic primases is the presence of three conserved histidine residues: H166 on β5, H315 and H324 on the C-terminal segment of PriS that runs along the bottom of the cleft formed by the lower and upper β-sheets. Alanine mutation of H166 abolishes primer synthesis in human primase, as reported previously for the equivalent residue in archaeal and prokaryotic prim fold polymerases (17, 19) . Interestingly, the H315A mutant is almost as impaired, leading to loss of primer synthesis. Alanine mutation of H324 has a strong negative effect on primer synthesis, which can be partially rescued by increasing primase concentration.
To provide a structural basis for the result of the alanine scanning experiment, we soaked uridine 5′-triphosphate (UTP) and MgCl 2 in the crystals of human primase. A single-nucleotide triphosphate (NTP) bound to each PriS chain in the asymmetric unit, suggesting that simultaneous binding of two nucleotides, necessary to synthesize the first dinucleotide, requires additionally the PriL Fe-S domain and/or the template DNA, which are absent in our crystals. The NTP-binding site engaged by the UTP moiety is likely to correspond to the so-called extension site of the primase, which is occupied by the NTP that will eventually become the second nucleotide in the primer (28) . The number and location of the metal sites in the active site were confirmed by anomalous diffraction experiments of crystals soaked with nucleotide and MnCl 2 .
In the structure, UTP binds in an extended conformation, making extensive interactions with the upper β-sheet and the C-terminal segment of PriS that conjoins the lower and upper β-sheets (Fig. 4A) . The position of the triphosphate is determined by direct interactions with the 160-SGRRG-166 motif linking strands β5 and β6 and by metal ion-mediated interactions with D109 and D111 in strand β4. The conformation of the triphosphate is further consolidated by a direct hydrogen bond to the β-phosphate by H166. The third catalytic aspartate D306 is likely to help coordinate a second magnesium ion, which activates for nucleophilic attack the 3′-hydroxyl of the growing RNA primer or of the first NTP bound at the initiation site.
The ribose and base of the UTP pack against the 315-HLLK-318 motif at the bottom of the active site groove, engaging in both hydrophobic interactions with the side chains of leucines 316 and 317 and in specific polar contacts. In particular, the side chain of H315 may specify the position of the ribose by donating a hydrogen bond to the oxygen of the ribose ring. Furthermore, the 2′-hydroxyl of the ribose is hydrogen bonded to the mainchain oxygen of L316 and the main-chain nitrogen of K318; the presence of contacts involving the 2′-hydroxyl moiety might contribute to determining the preference of primase for nucleotides over deoxynucleotides.
Interactions between human primase and nucleotide are completed by K318 and H324; K318 stretches its side chain underneath the ribose and phosphate groups, thus assisting in NTP binding by charge neutralization. The important role of K318 in NTP binding is highlighted by the inability of the K318A mutant to perform RNA primer synthesis. The H324 side chain is oriented toward the UTP γ-phosphate, but beyond useful range for hydrogen bonding, which might be water mediated. The H324A mutant shows only partial impairment of primer synthesis, indicating a less critical role in NTP binding.
Strong sequence conservation of solvent-exposed residues extends beyond the immediate surroundings of the NTP binding site. Alanine mutation of either K77 or Y54 has a clear negative effect on primer synthesis, which can be rescued by increasing primase concentration in the assay; interestingly, however, these primase mutants remain defective in the ability to extend unitlength primers. Y54 occupies an analogous position to that of F604 in the bacterial polymerase domain of LigD, which stacks against the guanine base of GTP (PDB ID code 2FAQ) (19) , and might therefore fulfill a similar functional role in human primase. Aligned with Y54 along the β1 strand, the side chain of R56 is kept in an upward thrust by an interstrand salt link with E44, seemingly poised for interaction. Strikingly, alanine mutation of R56 abolishes RNA primer synthesis completely, pointing to a crucial functional role for this arginine residue. Alanine mutation of E44 is almost equally detrimental, although some residual priming activity is detectable at higher primase concentration. The mutant behavior is unlikely to be caused by loss of template DNA binding, which remains unaffected (Table S2 ). The essential roles of R56 and E44 uncovered by our experiments are presently unclear, but they might involve binding of the nucleotide at the initiation site.
Interestingly, all of the mutants that showed reduced or abrogated activity in the initiation assay demonstrated equally reduced ability to extend an existing primer. Thus, it seems that human primase uses the same set of functional amino acids for synthesis of the initial dinucleotide as well as for its successive extension with ribonucleotides (Fig. 4B) . To date, the only exception to this rule is R306 in the Fe-S domain of PriL, which is necessary for initiation of synthesis but dispensable for primer extension (9) (Fig. 3) .
PriL Fold and Interface with PriS. The segment of large subunit present in the primase crystals folds in a two-domain structure comprised of a larger, globular helical domain (PriLα) and a smaller mixed α/β domain (PriL-SBD) that binds to PriS (Fig.  S4A) . PriL-SBD docks onto the narrow side of the slab-like PriS shape, in such a way that the rest of PriL can reach over the side of PriS that contains the active site (Fig. 1) . Thus, PriL appears to function as a mechanical arm, presumably to position its C-terminal Fe-S domain, which has a crucial functional role in initiation of synthesis, over the PriS active site. Comparison of PriL position relative to PriS in the two primase heterodimers in the asymmetric unit of the crystals reveals that, whereas PriL-SBD is docked firmly onto PriS, PriLα is tilted to a variable degree relative to PriS (Fig. S4B) ; the apparent intersubunit flexibility of the PriS-PriL heterodimer might be a required structural feature for efficient priming.
The PriS-PriL interface buries about 1,600 Å 2 of predominantly hydrophobic surface, with contribution of polar contacts on the outer edges of the interface. The side chains of PriS residues F150, F152, V174, L177, V181, I185, and Y188 are arranged on the narrow side of the slab-like prim fold to form a contiguous hydrophobic surface, which is augmented by H209 and P210 on the helical domain of PriS (Fig. S5A) . Interacting PriL residues that become partially or completely buried at the hydrophobic PriS-PriL interface are F188, L192, F195, Y201, and L202 (Figs. S3B and S5B ). PriS-PriL association relies on the presence of two conserved glycine residues, G151 in PriS and G205 of PriL, which become closely juxtaposed at the PriS-PriL interface. The interaction is fortified by prominent polar contacts across the interface, including hydrogen bonds between R198 of PriL and the main chain carbonyls of E187-Y188 in PriS, H209 in PriS and the main-chain carbonyl of V200 in PriL and main-chain to main-chain hydrogen bonding between carbonyls of the E148-D149 in PriS and nitrogens in D204-G205 of PriL.
Interaction with Pol α. Recruitment of primase to the replisome depends critically on a conserved sequence motif at the extreme C terminus of Pol α (25). We decided to exploit the crystal structure of human primase to investigate the structural basis for the interaction with Pol α. Cocrystallization or soaking of a synthetic peptide corresponding to human Pol α sequence 1,445-GYSEVNLSKLFAGCAVKS-1,462 (C-end) in the crystals of human primase did not provide a clear indication of the presence of the bound peptide. We suspected that packing of primase molecules in the crystal lattice might prevent partially or completely the access of the Pol α peptide to its binding site. We therefore decided to attempt crystallization of a chimeric construct of human primase, where Pol α residues 1,445-1,462 (C-end) had been fused with a long, flexible linker to the N terminus of PriL. The Pol α/primase chimera crystallized in the same lattice as the unliganded primase, but additional density was clearly visible in one primase molecule of the asymmetric unit, allowing us to trace amino acids 1,445-1,455 of the Pol α sequence.
The PriL subunit is responsible for tethering primase to Pol α (Fig. 5A) . The structure shows that Pol α binds PriL by docking its C-terminal primase-binding motif onto a hydrophobic ledge formed by the extended N terminus and helix α1 of PriL as they wrap around helix α3. Interestingly, in archaeal PriL structures the requirement to bury such an exposed hydrophobic surface is satisfied by a short helix within their N-terminal segment, which fills the space occupied by the Pol α motif in the Pol α/primase complex (Fig. S6A) . The stabilizing effect of the interaction with Pol α is supported by thermal shifts experiments, which show increased stability of primase in the presence of the primasebinding motif of Pol α (Fig. S6B) .
The primase-binding motif of Pol α adopts the predicted mode of binding (25) , as a short sequence motif that folds in a conformation competent for binding in the presence of its interaction partner (Fig. 5B) . In the Pol α/primase complex, residues 1,447-SEVN-1,450 of Pol α form an antiparallel β-strand that pairs with residues 35-ENIS-38 of PriL, whereas residues 1,451-LSKLF-1,455 fold in one turn of 3 10 helix that packs against the last two turns of PriL helix α3. Hot-spot residues that were shown to be important for primase binding, such as F1455 and L1451, become buried at the hydrophobic proteinpeptide interface.
Fig . 3 . Functional analysis of active-site PriS residues by structure-based alanine mutagenesis. A and B show the result of the primase initiation and elongation assays, respectively. The initiation assay measures the ability of primase to initiate primer synthesis in the presence of single-strand poly(dT) DNA and ATP. In the elongation assay, an oligo(A) primer is present in the reaction, in addition to poly (dT) DNA and ATP; the assay measures the ability of primase to initiate primer synthesis and/or extend an existing RNA primer. Briefly, reaction products were separated by denaturing electrophoresis on polyacrylamide gels and analyzed by phosphorimaging. For each alanine mutant, two different primase concentrations were tested in the initiation assay. The R306A mutant refers to the residue in the PriL-CTD. See Methods for details.
The structural analysis of Pol α's interaction with primase rationalizes patterns of sequence conservation in the PriL subunit (Fig. S3B) . Thus, conserved Y29, P32, and P33 keep the extended N terminus of PriL pinned to its globular core by packing against helix α3, whereas L39 and F42 in helix α1 contribute to the hydrophobic surface buried at the Pol α/primase interface. Conserved residues I101, F104, I105, and L108 in helix α3 of PriL form the main point of hydrophobic contact with Pol α, whereas R97 and R107 contribute to maintaining the conformation of the PriL N terminus by polar interactions with the side-chain carboxylate of E35 and the main-chain cabonyl of Y29, respectively. To validate the Pol α-binding site of PriL observed in the structure, we measured the ability of primase bearing targeted point mutations to associate with the primasebinding motif of Pol α. Fluorescence anisotropy measurements of fluorescein-labeled Pol α peptide against increasing concentrations of primase showed a 40-fold reduction in affinity for the F104A and L108A primase mutants relative to wild-type primase (0.25 μM, K d ) (25) , a 30-fold reduction for the R107A mutant, and a 10-fold reduction for the R97 mutant (Fig. S6C) .
Discussion
Our crystallographic analysis provides a structural template for a eukaryotic primase, which can be used to begin to elucidate the mechanism of RNA primer synthesis in eukaryotic replication. We have mapped the active site of the catalytic PriS subunit by extensive structure-based mutagenesis and identified residues that are essential for primer synthesis. Furthermore, we have defined crystallographically the mode of interaction of primase with Pol α, essential for tethering primase to the replisome.
Our structure-based alanine mutagenesis of the PriS active site has highlighted as essential for catalysis a number of residues that had not been previously implicated in primer synthesis. Thus, in addition to the three catalytic aspartates, D109, D111, and D306, our functional data assign critical roles to two conserved histidines, H166 and H315, in the interaction with the ribonucleotide triphosphate bound in the active site. The role of H315 is particularly intriguing as it appears to position the ribose moiety via a direct contact to the ribose ring; consequently, the A B 2′-hydroxyl of the ribose is within hydrogen bond distance with the main-chain atoms of the primase. The additional contacts afforded to a ribose might contribute to the preference for NTP over dNTP by primase. Furthermore, our functional analysis has highlighted the essential role of residues such as E44, Y54, and R56 that are located outside the NTP-binding site. Their function in RNA primer synthesis is presently unknown, and their rationalization will require further structural investigation of the mechanism of priming.
Current models of the mechanism of RNA primer synthesis postulate that two distinct nucleotide-binding sites, the so-called initiation and elongation sites, need to be simultaneously occupied by NTPs, in preparation for the step of dinucleotide formation (2, 29) . In eukaryotic primase, it has been proposed that the first nucleotide binds to the elongation site, followed by binding to the initiation site of a second NTP, which will become the 5′-terminal nucleotide of the primer (28) . The evidence presented here shows that all PriS mutants that are important for primer initiation by human primase are also required for primer extension. This observation indicates that PriS employs the same set of catalytic residues for the addition of the first nucleotide to the initiation nucleotide as for all subsequent nucleotide additions. Thus, our experimental evidence provides support for the proposed model of priming, whereby the nucleotide at the initiation site during dinucleotide synthesis would occupy the same position as the nucleotide at the 3′-end of a growing primer. The critical role of PriL in the initiation step is probably explained by the additional interactions required to stabilize binding of the initiation-site nucleotide during dinucleotide formation; indeed, R306 in PriL is the only residue identified to date that is essential for initiation but not for elongation (Fig. 3) .
The truncated form of heterodimeric primase analyzed in this study crystallizes with two copies in the asymmetric unit, related by a pseudotwofold symmetry axis (Fig. S7) . The two primase molecules of the noncrystallographic dimer are held together by reciprocal contacts between the C-terminal segment of PriL and a protruding loop connecting strands β3 and β4 in PriS. Intriguingly, in such a dimeric arrangement, the PriL-CTD of one primase would be located opposite the PriS subunit of the second primase and facing its active site, in a position that is compatible with priming in trans. We note that a model for in trans regulation of primer synthesis has been proposed for the prokaryotic primase (30) . Efforts to determine whether a dimer of eukaryotic primase, such as observed in the crystals, is biochemically competent for priming will require further experimental work.
Priming of DNA synthesis in eukaryotic replication relies on coordinated nucleotide polymerization by primase and Pol α: their constitutive association during DNA replication reflects the requirement for a tight functional integration of their catalytic activities. Our structural analysis shows that this integration is physically realized by means of a specific interaction between the helical domain of the large subunit of primase and a short sequence motif at the C terminus of Pol α. Tethering primase and Pol α by a protein-peptide interaction provides the required specificity and high affinity, while accommodating the large-scale conformational changes that presumably take place within the complex during synthesis of the RNA-DNA primer. Given the conformationally dynamic nature of the eukaryotic replisome, we predict that further examples of association between replisome components involving protein-peptide interactions will be described.
Methods
Details of all experimental procedures are described in SI Methods. All primase constructs were produced in recombinant form in Escherichia coli. The crystal structure of human primase was solved by the multiple isomorphous replacement method using heavy atom soaks.
